In this study, dilute acid pretreatment of Liriodendron tulipifera was performed for enzymatic hydrolysis. As the pretreatment temperature was increased, enzymatic hydrolysis and enzyme adsorption yield also increased. The highest enzymatic hydrolysis yield was 57% (g/g) and enzyme adsorption was 44% (g/g). Enzymatic hydrolysis yield was determined with weight loss of pretreated biomass by enzyme, and enzyme adsorption was a percentage of enzyme weight attaching on pretreated biomass compared with input enzyme weight. When L. tulipifera was pretreated with 1% sulfuric acid at 160°C for 5 min., hemicellulose was significantly removed in pretreatment, but the lignin contents were constant. Other changes in surface morphology were detected on biomass pretreated at 160°C by a field emission scanning electron microscope (FESEM). A large number of spherical shapes known as lignin droplets were observed over the entire biomass surface after pretreatment. Hemicellulose removal and morphological changes improved enzyme accessibility to cellulose by increasing cellulose exposure to enzyme. It is thus evidence that enzyme adsorption is a significant factor to understand pretreatment effectiveness.
INTRODUCTION
Composed of carbon based components, lignocellulosic biomass considered a powerful resource that can carry out not only energy production but also chemical refinery. Furthermore, lignocellulosic biomass is a renewable resource and independent of supply foodstuffs [1] . Lignocellulosic biomass can also feasibly be used to effectively reduce greenhouse gases [2] .
Lignocellulosic biomass is composed of cellulose, hemicellulose, lignin, extractives, and ash. Among these components, cellulose is the main substrate to obtain bio-ethanol. In this conversion process, the other components can act as barriers [3] [4] [5] . Pretreatment is essential to mitigatethe negative effects of the barriers and alter the structure of biomass such that cellulose is more accessible to enzymes [6] . Pretreatment of lignocellulosic resources with acids at ambient temperature carried out to enhance the anaerobic digestibility by removing the hemicellulose [7] .
Enzymatic hydrolysis is a method of making sugars form cellulose using cellulase. As a major process after pretreatment, enzymatic hydrolysis is an important method to make sugars alongside with acid hydrolysis. Enzymatic hydrolysis has several advantages including very mild process conditions, high sugar yield, an environmentally friendly process, and low maintenance costs compared to acid hydrolysis. Many researchers thus regard enzymatic hydrolysis as a key step for realizing cost-effective ethanol production [8, 9] .
Understanding the interactions between cellulose and cellulase enzymes is important to find routes to help reduce the usage of costly enzymes and improve the economical efficiency of the overall process. A more economical process would reduce the price of ethanol fuel, hence enabling competition with gasoline as a fuel for road vehicles. Furthermore, social, economical, and environmental benefits can result from using renewable resources for energy production [10] .
The amount of enzyme adsorption during enzymatic hydrolysis is a control factor for the hydrolysis rate and yield, and directly depends on enzyme accessibility to active sites on the solid substrate [11] . Therefore, effects of pretreatment for enzymatic hydrolysis are profoundly affected by the enzyme adsorption yield.
The measurement of enzyme adsorption requires a more precise method. Several methods have been developed for measurement of the amount of biomass and enzymes involving analysis of total proteins [12, 13] nitrogen [14] , phospholipids [15] , and DNA [16] .
Recently, an improved method was investigated to directly estimate the amount of enzyme adsorption on biomass solids. A method using an elemental analyzer was applied tomeasure the nitrogen factor (NF) with several enzymes and biomass [17] .
Biomass composition is relevant to both the total sugar yield and type of proper pretreatment for bioethanol production. It is important to understand structural factors of biomass and enzymes [18] . In relation to this, microscopic methods should be advanced in order to observe the structural changes of biomass during pretreatment and enzymatic hydrolysis process.
However, the study of surface morphology is not straightforward, because the size of biomass constituents and enzymes is on a nanometer scale. Furthermore, biomasses contain moisture in natural and biorefinery process states. These factors make it difficult to observe the correlation between properties changes of biomass and enzyme adsorption using current microscopy methods. Further studies should focus on advanced methods of imaging and characterizing enzymes and biomasses on a nanometer scale [19] , thereby making it possible to gain new insight into pretreatment effects.
Liriodendron tulipifera was selected as a material for this study because it grows rapidly and is an important forestation species in Korea. The Korean government has plans to harvest this tree and replace it with different species. To date, little research on dilute acid pretreatment of L. tulipifera has been reported. In this study, the correlation between dilute acid pretreatment and enzyme adsorption was evaluated with physiochemical and morphological variation.
MATERIALS and METHODS

Dilute Acid Pretreatment
Liriodendron tulipifera was supplied by the Korea Forest Research Institute (KFRI). The material was grown for 20 years and the chemical composition (Table 1 ) was analyzed. Materials were ground and sieved through a 40-mesh screen. Grounded materials were dried in air and the moisture content was reduced to less than 10%.
Dilute acid pretreatment was performed in a laboratory scale heating mantle (model MS-ES-TD, TOPS), which was equipped with an electric heater and a magnetic agitator. The glass reactor was a cylindrical vessel with a diameter of 35 mm, height of 235 mm, and capacity of 100 ㎖. Loaded biomass was 4 g per 40 ㎖ of 1% sulfuric acid. Pretreatment temperatures were 120, 140 and 160°C, respectively. In all pretreatment conditions, the preheating time and reaction time were maintained 30 and 5 min. by controlling power input. After pretreatment, the reactor was promptly removed from the heating mantle and cooled to 80°C in air. The pretreated biomasswas then washed with distilled water 500 ㎖ and filtered with a glass filter to be separated into solid and liquid fractions.
Holocellulose and α-cellulose contents were determined according to the TAPPI test methods [20] . Holocellulose content was determined as the delignified residue by NaClO 2 . 2.5 g of ethanol-benzene extractive-free materials were repeatedly (3 times) treated with 1 g of NaClO 2 in a dilute acetic acid solution (150 ㎖) at 80°C for 1 h. The delignified residue, holocellulose, was filtrated and washed with distilled water and acetone, and oven-dried weight was measured.
α-Cellulose content was determined as the insoluble residue in a 17.5% NaOH solution. 1 g of holocellulose obtained above was transferred to a 100 ㎖ Erlenmeyer flask, and 25 ㎖ of the 17.5% NaOH solution was added. The mixture was stirred at 20°C for 40 min, and 25 ㎖ of distilled water was added to the mixture. After 5 min, the insoluble residue was filtrated, and then 40 ㎖ of 10 % acetic acid solution was added. The insoluble residue was refiltrated and washed with 1,000 ㎖ of distilled water. Oven-dried weights of the residue and α -cellulose were measured.
Klason lignin was analyzed by the procedures of the NREL Chemical Analysis and Testing Standard [21] . 0.3 g of ethanol-benzene extractive-free material was swelled in 72 % sulfuric acid at 30°C for 1 h, followed by hydrol-ysis of the sample in 4 % sulfuric acid solution at 120°C for 1 h.
Enzymatic Hydrolysis
Batch hydrolysis was carried out in a 250 ㎖ Erlenmeyer flask containing 1 g (net weight) of pretreated biomass and 0.04 g of Meicelase in 100 ㎖ of 50 mM sodium acetate buffer (pH 5). The enzyme used for hydrolysis was a commercial product, Meicelase, derived from the fungus Tricoderma viride, which was supplied in a powder form by Meiji Seika Co., Ltd. (Tokyo, Japan). The reaction flask was inserted in a shaking incubator (HB-204SL, Hanbaek Scientific Co.) and pretreated biomass was hydrolyzed at 45°C for 48 h. Reaction flasks were continually shaken during hydrolysis and the shaking speed was 250 rpm. The solid residue was recovered by filtration with a glass filter (1G3, Iwaki). The hydrolysis yieldwas calculated with the weight of hydrolyzed biomass per weight of pretreated biomass input.
Enzyme Adsorption
Adsorption experiments were performed in a 50 ㎖ conical tube with pretreated biomass (0.3 g, net weight) and the enzyme (12 mg) in 30 ㎖ of 0.05 M sodium acetate buffer (pH 5). The tube was maintained in a refrigerator at 4°C for 24 h without shaking to obtain an equilibrium state. The sample was then centrifuged and dried at 105°C for 1 day for further nitrogen analysis. After drying, the enzyme adsorption was calculated with variation of nitrogen content using an Elemental Analyzer (Flash EA 1112) of National Instrumentation Center for Environmental Management (NICEM).
To calculate the enzyme adsorption exactly, it is important to consider the variation of the component ratio between the pretreated biomass and adsorbed enzymes in the measured samples.
The reason for this is that the numerical value of nitrogen content must be estimated according to the amount of enzyme adsorption. The Eq.
(1) was derived after consideration of the variation.
A : Nitrogen content (g/g%) of pretreated biomass B : Nitrogen content (g/g%) of enzyme C : Nitrogen content (g/g%) of biomass after enzyme adsorption D : Ratio of enzyme input per biomass (g/g) X : Enzyme adsorption (wt%)
The Eq. (1) could be transformed into Eq. (2) simply,
Pore Size Distribution and Surface Morphology
Pore size distributions of untreated and pretreated materials were measured by nitrogen adsorption which was performed at 25°C with an ASAP 2010 volumetric adsorption analyzer (Micromeritics, Norcross, GA). Before the adsorption analysis, the materials were freezedried, and then degassed for 2 h at 245°C in the degas port of the adsorption analyzer [22] . Freezedried samples were sputtered with Pt-Pd, and the mixture was examined by FE-SEM (Field Emission Scanning Electron Microscope; SUPRA 55VP, Carl Zeiss) at 3 kV.
RESULTS and DISCUSSION
Dilute Acid Pretreatment
Dilute acid pretreatment affected biomass components in different ways. Some cellulose was depolymerized, and hemicellulose was dissolved and monomerized. Primarily, only a small amount of lignin was dissolved and it was redistributed extensively [23] .
The total recovery and composition of holocellulose and lignin in the water insoluble solid fraction were determined from dilute acid pretreatment at different reaction temperatures. Table 1 showes that the recovered contents of chemical components after pretreatment was gradually reduced to 74% at 120°C and 54% at 160°C. Reduction of recovery yields was caused by the dissolution of cellulose and hemicellulose. In particular, hemicelluloses were removed rapidly as the reaction temperature was increased and only 20% of the hemicelluose remained after pretreatment at 160°C. In addition, dilute acid pretreatment degraded not only hemicellulose but also cellulose. Cellulose content varied from 43.2 g to 27.6 g depending on the pretreatment temperature (Table 1) .
Dilute acid pretreatment was not effective to reduce lignin content. Moreover, pretreatment using dilute acid increased the relative lignincontent due to holocellulose removal. This result agreed with other studies, indicating that pretreatment with dilute sulfuric acid led to a decrease of residual xylan content and an increase of lignin content [11, 24, 25] 
Correlation between Enzymatic
Hydrolysis and Enzyme Adsorption
Hydrolysis yields were calculated with weight loss of the pretreated biomass after enzymatic hydrolysis. Increasing pretreatment temperature had a positive effect on the hydrolysis yield, but above 160°C this effect no longer found.
The hydrolysis yield of pretreated biomass at 120°C was just 14.4%. The hydrolysis yield increased rapidly from 120°C to 140°C and the highest hydrolysis yield was 56.7%, obtained at 160°C. Fig. 1 shows that the enzymatic hydrolysis yield was reduced when pretreatment temperature was increased beyond 160°C. This result could be attributed to excessive degradation of sugars with pretreatment at high temperature as well as increased relative content of lignin.
The enzyme adsorption experiment was carried out with the same ratio of pretreated biomass and enzyme as enzymatic hydrolysis. Fig.  1 shows the amount of enzyme adsorption, which was calculated with variation of nitrogen content of the enzyme absorbed biomass after attaining an equilibrium state for 24 h at 4°C.
As expected, the enzyme adsorption also increased as biomass pretreated at higher temperature was applied. The amount of enzyme adsorption was 18% on pretreated biomass at 120°C and increased to 44% on pretreated biomass at 160°C. Dilute acid pretreatment improved enzyme adsorption because some of the hemicellulose fraction of the pretreated material was removed. As a result, the enzyme accessibility to cellulose was enhanced by increasing the exposure of cellulose and the pore size of the biomass surface.
The nitrogen content of the untreated biomass, pretreated biomasses, and enzyme was measured with an elemental analyzer. It was necessary to subtract the nitrogen content of the pretreated biomass from the total nitrogen content of the enzyme adsorbed biomass, because lignocellulosic substrates also contained some protein [17] . Kumar and Wyman (2008) reported that lignocellulosic substrates also contain some protein.
The nitrogen content of non-pretreated biomass was 0.122% in this study. Nitrogen was also detected in pretreated biomass, but the nitrogen content was less than that in the non-pretreated biomass. In addition, as the pretreatment temperature was increased, the nitrogen content of the pretreated biomass decreased further. The nitrogen content of pretreated biomass changed from 0.075% at 120°C to 0.046% at 160°C. Meanwhile, after enzyme adsorption, nitrogen content of the biomass increased from 0.127% to 0.176% as the pretreatment temperature was increased ( Fig. 2 shows the pore size distribution of pretreated biomasses in different reaction temperatures. The raw biomass had few pores because of its dense and close structure (Fig. 3(a) ). On the other hand, the pore size and volume of the pretreated biomass were increased as the pretreatment temperature was raised. This appears to be attributable to the removal of hemicellulose alongside with the increase of pore size and volume of cellulose.
Cellulase with a spherical diameter was reported to have a size of 24∼74 nm [26] . In another study, pore size accessible to molecules with a diameter of 51 A°, similar to the size of T. reesei cellulase components, was reported [27] . Therefore, pore sizes over 5 nm could be de-fined as available pores. As illustrated in Fig. 2 , the purpose of pretreatment is to increase available pores. The volume of available pores was maximized at 160°C.
Therefore, the increment of available pores could be an important factor regarding the efficacy of pretreatment related to enzyme adsorption and enzymatic hydrolysis.
Surface Morphology
Surface morphology is considered to be an important factor alongside pore size distribution to understand enzyme accessibility of pretreated biomass. Dilute acid pretreatment promoted changes of surface characteristics through a thermochemical process.
FE-SEM observation of dilute acid pretreated biomass samples revealed different features such as the formation of droplets on the surface of the cell wall. In a mild pretreatment condition (120°C), no change in the surface structure was found. The surface image of biomass pretreated at 140°C showed changes of cell walls, which became coarse, and the creation of micro-particles. The pretreatment condition of 160°C brought out the most distinct morphological changes of the cell wall. Many droplets could be observed on the surface of the pretreated biomass, and most droplets appeared in spherical form. The size of droplets ranged from tens to hundreds of nanometers (Fig. 3) . Donohoe et al. (2008) reported the occurrence of droplets during dilute acid pretreatment as lignin migration and redistribution. This study illustrates a possible mechanism for lignin droplet coalescence, extrusion, and redeposition [28] . Similar changes of the biomass surface were also observed in this study.
Droplet observation led to a hypothesis that lignin migration and redistribution increased available pore size and exposure of enzyme accessible cellulose. In other words, pore size might be increased, even though the content of lignin was constant at all pretreatment conditions, because of lignin migration and aggregation onto the biomass surface. Therefore, the enzyme adsorption could be increased by not only hemicellulose removal but also lignin redistribution.
CONCLUSION
This study verified that dilute acid pretreatment enhanced enzymatic hydrolysis yield. Enzyme adsorption and surface characterization were investigated through experiments to study the effects of dilute acid pretreatment for hydrolysis efficiency. Even though this study showed a reduction of total fermentable sugars and constant lignin content under harsh pretreatment conditions, enzymatic hydrolysis yield was increased. Based on the results of enzyme adsorption and surface characterization, enzyme accessibility to cellulose was determined to be a consequential factor to understand and improve pretreatment effects.
In the future, it will be necessary to study correlations between enzyme adsorption and different pretreatment methods. Calculating enzyme adsorption with the nitrogen content would be a good method due to accuracy and convenience. This method and the derived equation can be used to optimally control enzyme usage to save production costs of bio-ethanol. 
